Ebola virus (EBOV), a negative-sense RNA virus in the family Filoviridae, is known to cause severe hemorrhagic fever in humans and other primates. Infection with EBOV causes a high mortality rate and currently there is no FDA-licensed vaccine or therapeutic treatment available. Recently, heat-shock protein 90 (Hsp90), a molecular chaperone, was shown to be an important host factor for the replication of several negative-strand viruses. We tested the effect of several different Hsp90 inhibitors including geldanamycin, radicicol, and 17-allylamino-17-demethoxygeldanamycin (17-AAG; a geldanamycin analog) on the replication of Zaire EBOV. Our results showed that inhibition of Hsp90 significantly reduced the replication of EBOV. Classic Hsp90 inhibitors reduced viral replication with an effective concentration at 50% (EC 50 ) in the high nanomolar to low micromolar range, while drugs from a new class of Hsp90 inhibitors showed markedly more potent inhibition. These compounds blocked EBOV replication with an EC 50 in the low nanomolar range and showed significant potency in blocking replication in primary human monocytes. These results validated that Hsp90 is an important host factor for the replication of filoviruses and suggest that Hsp90 inhibitors may be therapeutically effective in treating EBOV infection.
INTRODUCTION
Ebola virus (EBOV) is the causative agent of Ebola hemorrhagic fever, an emerging viral disease that causes severe hemorrhagic fever in humans and non-human primates (NHPs). Outbreaks occur in Africa and mortality rates range from 25-90%. Development of vaccines and therapeutics are vital due to increasingly frequent outbreaks and the placement of EBOV as a category A agent by the Centers for Disease Control and Prevention; however, no effective countermeasures exist to treat this deadly viral disease.
EBOV is a filamentous, enveloped, nonsegmented, negative-sense RNA virus in the family Filoviridae. The genome is 18.9 kb in length and encodes seven structural proteins and one non-structural protein in the following order within the genome: 3' non-coding region (leader), nucleoprotein (NP), virion protein 35 (VP35), VP40, glycoprotein (sGP and GP), VP30, VP24, RNA-dependent RNA-polymerase (RDRP; L) protein, and a 5' non-coding region (trailer) (Sanchez, 2001) . The RDRP shares significant sequence homology to RDRPs from other nonsegmented, negative-strand RNA viruses and is required for both viral transcription and replication of the viral genome (Whelan, Barr, and Wertz, 2004) . A common theme of these RDRPs is that they require cooperating viral and host proteins to accomplish replication and/or transcription. Some of the important host factors required for RDRP function have been identified for other negative-strand RNA viruses but host factors required for EBOV RDRP function have not been described to date (Das et al., 1998; Gupta, Shaji, and Banerjee, 2003; Shen and Masters, 2001; Strauss and Strauss, 1999; Whelan, Barr, and Wertz, 2004) .
Heat-shock protein 90 (Hsp90) is a molecular chaperone that guides the folding, intracellular disposition, and proteolytic turnover of many key regulators of cell growth and differentiation. Hsp90 has a specific set of client proteins in vivo such as steroid receptors, transcription factors, protein kinases, and oncogenes (Pratt and Toft, 2003) . Inhibitors of Hsp90 have proven effective at driving cancer cells into apoptosis by preventing the proper folding of oncogenes required for promoting cancer cell growth. Because of this, several Hsp90 inhibitors are now in phase I and II clinical trials (Goetz et al., 2005; Whitesell and Lindquist, 2005) .
Recently, Hsp90 was shown to be an important host factor for the replication of negativestrand viruses (Connor et al., 2007) . In addition, the inhibition of Hsp90 has been shown to block vaccinia virus replication by interaction with the viral core protein 4a in the cytoplasm (Hung, Chung, and Chang, 2002) . In the hepatitis C virus life cycle, Hsp90 is needed for proper cleavage of newly synthesized hepatitis C NSP2/3 protein (Ujino et al., 2009; Waxman et al., 2001 ) and activity of hepatitis B reverse transcriptase (Hu and Seeger, 1996; Hu, Toft, and Seeger, 1997; Stahl et al., 2007) . In polio virus, Hsp90 is required for proper folding of the viral capsid protein and Hsp90 inhibitors showed antiviral activity (Geller et al., 2007) .
Hsp90 has been shown to control viral polymerase function for several viruses. For influenza virus, Hsp90 binds to the PB2 subunit of the RNA polymerase and stimulates its activity (Momose et al., 2002) . In herpes viruses, blocking Hsp90 significantly inhibits viral replication presumably due to improper localization of the viral polymerase (Burch and Weller, 2005; Li et al., 2004) . In flock house virus, Hsp90 activity has proved to be important for stability and localization of the RNA polymerase (Kampmueller and Miller, 2005) . Recently, it was reported that Hsp90 inhibitors impaired the replication of several prototype negative-strand RNA viruses [ (vesicular stomatitis virus), Paramyxovirus (SV5, HPIV-2 & 3, SV41), and a bunyavirus (La Crosse)] by destabilization of the L protein of the viral RDRP (Connor et al., 2007) . It is thought that viruses have evolved to require the use of Hsp90 for proper folding of their RDRPs (Connor et al., 2007) . Therefore, inhibitors of Hsp90 activity could act as broad-range antiviral agents and we speculated that this hypothesis would hold true for filoviruses; therefore, we evaluated the effect of several Hsp90 inhibitors on EBOV replication. Some were natural product inhibitors while others were synthetic inhibitors. The entire panel of Hsp90 inhibitors represented three different chemical structure classes with varying potencies. Our results showed that Hsp90 inhibitors significantly inhibited the replication of EBOV, suggesting their use as a potential therapeutic. There were differences in the inhibition of EBOV replication by different Hsp90 inhibitors, indicating that some classes of Hsp90 inhibitor may be superior choices for antiviral agents. The results of this study will aid in the design of more effective therapeutics to treat EBOV infection.
MATERIALS AND METHODS

Viruses
EBOV species Zaire was originally isolated in 1976 from a human patient (Johnson et al., 1977) and passaged twice in Vero E6 cells before use. The EBOV-green fluorescent protein (GFP) virus was derived by reverse genetics to generate a full-lenth cDNA clone inserted with the reporter gene eGFP (Towner et al., 2005) .
Compounds
Geldanamycin, radicicol, and 17AAG were obtained from Invivogen (San Diego, CA) or from LC labs (Woburn, MA) and were re-suspended in DMSO. Compounds AV-1, 2, 3, and 81 were obtained from Serenex (now Pfizer; New York, NY) and were re-suspended in DMSO.
EBOV-GFP Microtiter Plate Assay
Compounds were screened using Vero cells (American Type Culture Collection, Manassa, VA) in 96-well plates. Compounds were diluted either threefold (1 µM to 0.5 nM) or twofold (50 µM to 0.4 µM) and added to the 96-well plates. One cohort allowed 3-h incubation with compounds before infection. Plates were infected at a low multiplicity of infection (MOI) with EBOV-GFP and incubated at 37°C. Plates were read at Ex 485, Em 515, cutoff 495 at 16, 24, 40, 48 h post infection (PI). Plates were then stained with crystal violet and read by spectrophotometer to evaluate cytotoxicity.
Yield-Reduction Assays
The effectiveness of the compounds was evaluated by virus yield-reduction assay using either Vero cells or primary human monocytes in 6-well plates. The cells were maintained in Modified Eagle's medium (MEM) with 10% fetal bovine serum (FBS), and 1X GlutaMax (Invitrogen, Carlsbad, CA). Medium was removed from cells infected with ZEBOV at an MOI of 0.1 in 200 µl of medium (5% MEM, no antibiotics) that contained the following drug concentrations: 12.5 µM, 1 µM, 37 nM, 0.5 nM. Plates were incubated 1 h at 37°C with rocking every 15 min. Medium containing virus was removed and plates were washed 3 times with medium. After washing, 3 ml of medium containing the drug concentrations above was added and plates were incubated at 37°C with the following controls: virus, no drug; no virus, no drug; drug only, no virus. At 0, 24, 48, 96 h PI, 250 µl of medium was collected for titration by standard plaque assay on Vero cells or analyzed by real-time RT-PCR.
Plaque Assays
Plaque assays were completed using 90-100% confluent Vero cells in 6-well plates. Samples for titration were serially diluted 10-fold and 200 µL was added to each well. Plates were incubated for 1 h at 37°C with rocking every 15 min. A primary overlay containing 1X EBME, 5% FBS, and 0.5% agarose was added to each well. Plates were incubated at 37°C for 6 days followed by a secondary overlay, which was identical to the primary overlay with the addition of 5% neutral red. Plaque forming units (PFU) were counted on day 7 PI.
Real-time RT-PCR
The real-time RT-PCR assay used was previously published (Weidmann, Muhlberger, and Hufert, 2004) . This assay was designed to detect the nucleoprotein gene of EBOV. PFU equivalents (PFUe) were determined using a known virus concentration (determined by plaque assay) whose RNA was extracted and was 10-fold serially diluted. In our hands the sensitivity of the assay was 0.04 PFUe.
Statistics
SAS version 9.1.3 (SAS Institute Inc., Cary, NC) was used to determine repeated measures ANOVA of viral replication samples between controls and treatment groups over time with step-down Sidak adjustment for multiple pairwise comparisons at each time point.
RESULTS
To test the hypothesis that Hsp90 is an important host factor for the replication of EBOV, we investigated the effect of several different Hsp90 inhibitors on the replication of EBOV in a virus-permissive cell line. We initially tested the effect of increasing concentrations of three different Hsp90 inhibitors: geldanamycin, 17-AAG, and radicicol. These compounds have an extensive history of use for the dissection of Hsp90 functions (Richter and Buchner, 2001) , and represent two separate chemical classes (Taldone, Sun, and Chiosis, 2009 ). Geldanamycin is a benzoquinone ansamycin and 17-AAG is a geldanamycin derivative that is currently in Phase II clinical trials as an anticancer agent (Goetz et al., 2005; Whitesell and Lindquist, 2005) . Radicicol is a natural product monorden and was the most potent Hsp90 inhibitor defined at the beginning of our studies (Clevenger and Blagg, 2004; Delmotte and Delmotte-Plaque, 1953 ).
Viral replication in the presence and absence of added drug was monitored using an EBOV that was engineered to express EGFP from an independent ORF (EBOV-GFP). This virus allowed the tracking of EGFP fluorescence as a robust indicator of viral replication (Towner et al., 2005) . With this virus, the expression of GFP in Vero E6 cells that were treated with geldanamycin, 17-AAG, or radicicol was evaluated. Cells were mock-treated or treated with increasing concentrations of drug, from 0.5 nM to 50 µM and were then infected with virus 30 min post drug treatment. Expression of EGFP was determined by fluorescence measurements at 16, 24, 40, and 48-h PI. The effect of the drugs on inhibiting viral replication was then plotted as a percent reduction of GFP fluorescence, with a 90 % reduction representing a 10-fold drop in fluorescence expression (Fig 1) .
All three Hsp90 inhibitors showed some inhibition of viral replication at each time point analyzed. The level of inhibition varied, but for all compounds, the greatest reduction in GFP was observed at 24 h PI ( Figure 1B) . Pre-incubation with compounds slightly improved efficacy of inhibition, but was not significant (data not shown). At 16-h PI, all compounds showed a maximum fluorescence reduction of approximately 60%, with the EC 50 ranging from 43.8 nM with radicicol to 394.5 nM with 17-AAG. At all time points, radicicol was the most potent inhibitor of viral replication, reaching a maximum reduction of fluorescence of approximately 86% at 24-h PI (12.5 µM) with an EC 50 of approximately 86.8 nM. Geldanamycin and 17-AAG both showed a weaker reduction in viral replication (maximum of 85 and 80% reduction, respectively) and lower potency (EC 50 in the micromolar range) than was seen for radicicol (see Table 1 ).
During cytotoxicity testing of the Hsp90 inhibitors, all three drugs showed minimal toxicity at concentrations below 5 µM (Fig 2A) . This is consistent with other reports of minimal toxicity of these compounds at or below this concentration (Kampmueller and Miller, 2005) However, all three compounds had significant effects on cellular homeostasis at high concentrations. At 25-and 50-µM levels of drug cell death rates of between 30 and 60% were observed, suggesting CC 50 concentrations between 50 and 100µM and SI 50 ratios of between 10 and 25 (see Table 1 ) When the effect of each Hsp90 inhibitor a minimally cytotoxic concentration was plotted as a function of time (inhibition at 1.6 µM, Fig2B), it is clear that while each compound blocked viral replication, this effect was not dramatic with any of the "classic" Hsp90 inhibitors. To determine if the results observed with the EBOV-GFP assays correlated with viral replication assays, we analyzed the same compounds by yield-reduction assays and determined viral titers by both real-time RT-PCR and plaque assays (Fig 3) . For all three Hsp90 inhibitors, we observed a reduction in viral replication where the greatest reduction in viral replication was at 24-and 48-h PI for each compound. For geldanamycin, we observed a 1.9 log 10 PFU/ml (0.5 log 10 PFUe/ml) and 0.9 log 10 PFU/ ml (0.2 log 10 PFUe/ml) reduction in virus at 24-and 48-h PI, respectively, at 12.5 µM (Fig  3A-B) . For 17-AAG, we observed a 1.1 log 10 PFU/ml (0.2 log 10 PFUe/ml) reduction in virus at 24-and 48-h PI at similar concentrations of drug (Fig 3C-D) . For radicicol, we observed a 1.3 log 10 PFU/ml (1 log 10 PFUe/ml) and 1 log 10 PFU/ml (1.5 log 10 PFUe/ml) reduction in virus at 24-and 48-h PI, respectively (Fig 3E-F) . The viral yield reductions were statistically significant for geldanamycin (p=0.0205), 17AAG (p=0.0345), and radicicol (p=0.0100). These results showed good correlation between the microtiter plate assay and the yield reduction assay as analyzed b y plaque assay. Interestingly, when viral yield was tested by real-time RT-PCR, a different answer for viral yield reduction was obtained. For geldanamycin and 17-AAG, there appeared to be no change in viral output as measured by genome equivalents, regardless of the concentration of inhibitor used. Similarly, only the 12.5-µM concentration of radicicol showed a significant reduction in genome equivalents produced during infection. Thus, the real-time RT-PCR assay suggests that there is not a marked difference in viral replication after Hsp90 treatment. The plaque assays clearly showed viral titer reductions suggesting that these inhibitors may cause the budding of replication-defective viral particles. Alternatively, the medium could still contain the compound which could interfere with the results of the plaque assay.
These data showed that Hsp90 has some ability to reduce the replication of EBOV, but also highlighted that these inhibitors showed different abilities to block viral replication. The varying efficacies of these compounds led us to determine if chemically dissimilar inhibitors of Hsp90 activity showed increased effectiveness as viral replication inhibitors. Recently, a novel class of benzamide compounds have been identified as Hsp90 inhibitors . We determined the antiviral activity of four of these compounds (AV-1, AV-2, AV-3, and AV-81) in Vero cells and primary human monocytes. These compounds, whose structure is shown in Figure 4 , represented a lead compound (AV-81, also published as SNX 7081 (Huang et al., 2009; Rice et al., 2008) and three derivatives (AV-1 and A-V2 have not been published with specific compound names (Huang et al., 2009 ), AV-3 has been published as SNX 7023 (Putcha et al., 2009) . They all contain the same core structure (see 4A) with various side-groups illustrated in the table shown in figure 4B . Similar to the experiments described above, when Vero cells were treated with increasing concentrations of either AV-1, AV-2, AV-3, or AV-81, and then infected with EBOV-EGFP, there was an inhibition of viral replication (Fig 4) . All four compounds showed a significant ability to reduce viral gene expression, as measured by GFP production with a maximum of 60% reduction in fluorescence at 16-h PI and 80% reduction at 40-and 48-h PI for all compounds. All three were more potent than radicicol, geldanamycin, and 17AAG. Of the three compounds tested. AV-3 was the most potent, with an EC 50 of 18.7 nM at 24-h PI and 27.3 and 27.7 at 40 and 48-h PI, respectively (Table 2) . AV-2 and AV-1 were similarly potent, with EC 50 within the range of 49.4 nM to 59.3 nM at 24-48-h PI, which were well below the concentrations at which cytotoxicity was seen. AV-81 was the least potent with an EC 50 ranging from 260 to 515.9 nM at 16-to 48-h PI. Similar GFP-expression assays were not possible in primary monocytes, because these cells are not uniformly adherent, but yield-reduction assays were done to analyze viral replication.
Yield-reduction assays from Vero cells were determined at two concentrations of drug, one relatively low (37 nM) and the other high (12.5 µM). These assays showed only a limited reduction in viral titer (Fig 6A) . However, yield-reduction assays using human monocytes showed a much more dramatic effect. In monocytes yield-reduction assays from cells treated with either 37 nm or 12.5 µM of drug showed significant decreases in viral replication ( Fig  6B) over all time points. At 48-h PI, AV-1, AV-2, and AV-3 all showed ~0.5 log 10 PFUe/ml reductions in EBOV production when used at 37 nM. At high drug concentrations, there was little evidence of replication in any drug-treated monocyte. Similar to the results of the microtiter plate assay, AV-81 was the least effective compound evaluated. When plaque reduction asays for monocytes were extended to 96-h PI, a more significant reduction in viral titers was seen in monocytes, showing that these compounds are highly effective at blocking viral replication over a significant period of time. No drug-related toxicities were noted in these assays at concentrations of drug up to 50µM. Above this concentration, toxicities were seen that were associated with DMSO, preventing an accurate calculation of CC 50 and SI 50 . These compounds appear to be much more specific and potent than the "classic" Hsp90 inhibitors.
DISCUSSION
The development of therapeutics to treat viral infections has generally targeted viral proteins. Recently the focus has shifted to targeting host factors that are co-opted for use in the life cycle of the virus. For example, Hsp90 chaperones, which constitute the most abundant folding enzymes in the cytosol, have been shown to play extensive roles for multiple viruses. Often, these proteins serve as host factors by binding viral proteins, preventing proper folding and promoting their degradation (Connor et al., 2007; Nakagawa et al., 2007) . In addition to stability, Hsp90 chaperones are necessary for the intracellular transport of multiple viral proteins. This behavior is exemplified by the reverse transcriptase from hepatitis B and the polymerase PB2 from influenza virus (Hu et al., 2004; Naito et al., 2007) .
Several studies have demonstrated that Hsp90 chaperones are promising targets for hostdirected antiviral development. Several small-molecule Hsp90 inhibitors, including geldanamycin and its derivatives, originally characterized as anti-cancer therapeutics, reduce viral titers in cell culture models of vaccinia virus, influenza virus, vesicular stomatitis virus, several paramyxoviruses, La Crosse virus, and hepatitis C virus (Banerji, 2009; Chase et al., 2008; Connor et al., 2007; Hung, Chung, and Chang, 2002; Nakagawa et al., 2007) . The use of Hsp90 inhibitors for antiviral development suggest that these inhibitors disrupt the function of the viral polymerase. This is in contrast to the use of Hsp90 inhibitors as an anticancer thereapeutic, which drive cancer cells into apoptosis. In the case of hepatitis C virus, combination therapy of polyethylene glycol-conjugated interferon (PEG-IFN) plus the Hsp90 inhibitor 17-dimethylaminoethylamino-demethoxygeldanamycin showed enhanced inhibition of viral replication in the livers of infected mice, compared to PEG-IFN alone (Nakagawa et al., 2007) .
Here we show that Hsp90 inhibitors can also be used as inhibitors of EBOV replication. All compounds appeared to be effective as evaluated using our microtiter plate assay screen. Radicicol and the flouoridated benzamides (AV-1-3) were most effective and showed over 85% reduction in our microtiter plate screening assay. In Vero cells, the detection of inhibitory activity in the microtiter plate assay screen correlated with a significant reduction in viral titer. Our analysis showed that commercially available Hsp90 inhibitors such as geldanamycin, 17-AAG, and radicicol were less potent inhibitors of EBOV than the benzamide analogs AV-1-3 (Table 1 and 2). This difference in potency of inhibition has been observed not only for Ebola virus but also for other negative-strand RNA viruses (J. Connor, unpublished observations) These results suggest that Hsp90 inhibitors with different structures will have varying efficacies against different viral pathogens. This could be due to inherent potencies of inhibition by the different compounds or to these compounds targeting different Hsp90 holoenzymes. Additionally, different cell lines may have different levels of Hsp90. The identity of the proteins within the complex are known to alter the ATP-binding pocket of Hsp90 (Pearl and Prodromou, 2006) , where all of the drugs that we tested bound Hsp90. Our results point to the fluoridated benzamide compounds tested here as promising compounds for the blockage of the pertinent EBOV-required Hsp90 complex. Each of the benzamide compounds has very strong antiviral activity in primary human monocytes. Monocytes are known to be an important early target for EBOV replication (Geisbert et al., 2003) , thus the significant antiviral effect of these compounds in these cells suggests that they might be particularly effective inhibitors of viral replication in vivo.
The mechanism of action of these Hsp90 inhibitors on EBOV remains to be determined. It is possible that these inhibitors cause a degradation in the viral polymerase as was observed for other negative-strand RNA viruses (Connor et al., 2007) . However, given that our results using geldanamycin and 17-AAG showed that treated cells showed lower levels of EGFP production and lower infectious viral yields, but similar budded viral genomes to untreated cells, Hsp90 inhibition may also be important for the proper budding of infectious EBOV.
The role of Hsp90 for the replication of several viruses is an important topic of research with regard to therapeutic development. Because no effective countermeasures currently exist for EBOV, our results offer some insight into possible future development of potential therapeutics to treat this deadly disease. Our results with the benzamide Hsp90 inhibitors suggest that these compounds are a promising class of inhibitors with antiviral activity against EBOV. Future work in our laboratory will further investigate the role that Hsp90 plays on EBOV replication as well as other negative strand RNA viruses. Toxicity and time-course of geldanamycin, 17-AAG, and radidicol during EBOV-GFP infection. A) Cell toxicity was determined by evaluating the viable cells by crystal violet stain. Percentage of surviving cells 48 h after drug treatment is plotted. B) % reduction of viral replication at 1.6 µM was plotted over the 48-h time-course. Compounds tested at 12.5 µM, 1 µM, 37 nM, and 1 nM by yield-reduction assay and supernatant analyzed by plaque assay (A, C, and E) or real-time RT-PCR (B, D, and F). PFU=plaque-forming units; PFUe=plaque-forming unit equivalents Compounds were tested at 12.5 µM and 37 nM by yield-reduction assay in A) Vero or B) monocytes and supernatant analyzed by real-time RT-PCR.
